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The negative ion electrospray mass spectra of six bromo- and chloroacetic acids were
measured using two different electrospray interfaces and single quadrupole and bench-top
time-of-flight mass spectrometers. With each acid at 50 mg/mL in aqueous methanol at pH 10,
the anions observed included deprotonated molecules, adducts, and fragment ions. With each
acid at 100 ng/mL in aqueous acetonitrile at pH 10, mainly deprotonated molecules are
observed. The exact m/z measuring capability of the time-of-flight mass spectrometer was
evaluated to assess the potential for the determination of the individual acids in mixtures
without an on-line separation. Mean measurement errors were nearly always less than 6 9
ppm and the majority were less than 6 5 ppm. Potential interferences by substances having
similar exact masses and the ability to form anions in aqueous solutions were evaluated. The
estimated detection limits of the five regulated haloacetic acids in drinking water, without a
sample preconcentration step, are in the range of 24–86 ng/mL, which is within about a factor
of 10 of the levels required for routine monitoring of the acids. Actual drinking water samples
were not analyzed pending the development of slightly more sensitive techniques and
quantitative analytical procedures. (J Am Soc Mass Spectrom 2000, 11, 809–821) © 2000
American Society for Mass Spectrometry
The disinfectants chlorine, chloramine, chlorinedioxide, and ozone are used to control bacteria,protozoa, and viruses in treated drinking water.
Disinfection byproducts (DBPs) are formed when these
disinfectants react with aquatic humic substances and
other natural organic material and produce chlorinated
or oxygenated organic compounds [1]. Although ozone
disinfection is growing in popularity, disinfection with
chlorine is by far the most common scenario in the
United States and some other countries. When bromide
ion is present in the source water, as it is in most surface
and ground waters, chlorine oxidizes bromide to gen-
erate very reactive bromine atoms which produce bro-
minated and mixed bromochloro DBPs. When the bro-
mide ion concentration is relatively high, as it is in some
coastal areas and ground waters, brominated com-
pounds dominate the distribution of DBPs [1].
The bromo-, chloro-, and bromochloroacetic acids,
which are commonly called haloacetic acids, are one
class of DBPs found in drinking water [1]. The nine
possible haloacetic acids containing only Br and/or Cl
are shown in Scheme 1 along with the abbreviations
used in this article. The U. S. Environmental Protection
Agency (USEPA) has classified dichloroacetic acid
(DCAA) as a probable human carcinogen and trichlo-
roacetic acid (TCAA) as a possible human carcinogen
[2]. A maximum contaminant level (MCL) of 60 mg/L
for the sum of the concentrations of monochloroacetic
acid (MCAA), DCAA, TCAA, monobromoacetic acid
(MBAA), and dibromoacetic acid (DBAA) is promul-
gated in federal regulations for drinking water in the
United States [3]. Actual concentrations found in drink-
ing water supplies vary widely but median values of
the sum of the concentrations of these five acids were
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reported to be 13–21 mg/L in one study [1]. Substances
with MCLs in drinking water are commonly said to be
regulated. The three mixed bromochloroacetic acids
were not included in this study and they are not
regulated.
Essentially all of the published data on the concen-
trations of this series of acids in drinking water has been
obtained by either liquid–liquid or liquid–solid–liquid
partitioning of the acids into an organic solvent at a pH
of 2 or lower, conversion of the acids into volatile
methyl esters, and gas chromatography (GC) with an
electron capture detector (ECD) [4–6]. Approximately
8 h are required to prepare a group of 8–12 samples for
GC/ECD and the extractions, extract concentrations,
and derivatization reactions must be conducted with
considerable care and skill to avoid losses of the ana-
lytes. The potential for false positives with this method
is relatively high because of the widespread use of the
selective but nonspecific ECD detector.
The purpose of this research was to determine the
negative ion electrospray (ES) mass spectra of six haloa-
cetic acids at low parts-per-million to low parts-per-
billion concentrations in several aqueous organic sol-
vent solutions. Spectra were acquired with different
types of electrospray interfaces on a single quadrupole
and a bench-top reflection time-of-flight mass spec-
trometer. The collision induced dissociations (CIDs) of
the acid anions were studied with both instruments and
the accuracy and precision of exact m/z measurements
were determined with the time-of-flight spectrometer.
Another purpose of this research was a preliminary
exploration of the potential for the rapid determination
of the regulated acids as their anions in water using
ES/mass spectrometry (ES/MS). This approach could
potentially obviate the relatively slow and nonspecific
method currently used for measurement of the haloa-
cetic acid DBPs in drinking water.
Experimental
Materials
The six haloacetic acids, flavianic acid hydrate, and
2-naphthoxyacetic acid were purchased from Aldrich
(Milwaukee, WI) with stated purities of 97–99%. Tri-
chloroacetic acid was also purchased from Fisher Scien-
tific (Fair Lawn, NJ) with a stated purity of 100% and
dibromoacetic acid was also purchased from Fluka
(Ronkonkoma, NY) with a purity stated at . 97%.
Trifluoroacetic acid was peptide synthesis grade and
was purchased from Applied Biosystems (Foster City,
CA). Fluorescein was purchased from Avocado Re-
search Chemical Ltd. (Heysham, Lancashire, UK) with a
stated purity of 99%. All materials were used without
purification. Optima grade acetonitrile and methanol
and certified American Chemical Society plus grade
ammonium hydroxide were purchased from Fisher
Scientific and de-ionized water was obtained from
Milli-Q water system (Millipore, Bedford, MA). Un-
coated fused silica capillaries (FSCs) were purchased
from Polymicro Technologies (Phoenix, AZ).
Instrumentation
The single quadrupole mass spectrometer was a
Hewlett-Packard (Palo Alto, CA) model 5989B
equipped with a Hewlett-Packard model 59987A ES ion
source. Some components of the ES ion source (model
103313 serial number 1066) were manufactured by
Analytica of Branford (Branford, CT) including a CE-
Pro capillary electrophoresis (CE) probe. This ES ion
source has a design similar to that described by Fenn et
al., in which the electrospray needle is at ground
potential and high voltage (HV) is applied to the
cylindrical and endplate electrodes and to the entrance
of a dielectric glass capillary leading to the mass spec-
trometer [7]. The ends of the dielectric capillary are
coated with a thin layer of Pt to facilitate connection of
the electrical leads. The tip of the spray needle is located
a few millimeters from the entrance to the dielectric
capillary and is positioned for optimum ion detection
and spray stability. The CE/ES probe contains three
concentric tubes whose functions are described in the
next paragraph. The CE/ES probe and the ES interface
have been described in detail [8]. The original optics of
the ion source were replaced with an Iris hexapole ion
guide (Analytica of Branford) to improve transmission
of low m/z species. The mass spectrometer was
equipped with a high energy conversion dynode detec-
tor and a G1034C MS ChemStation data system.
Analyte solutions were introduced into the Hewlett-
Packard ES ion source using the pressure mode of a
Crystal 300 CE instrument (Thermo Capillary Electro-
phoresis; Franklin, MA) as a substitute for a second
syringe pump which was not available. No HV was
applied to the CE anode and the analyte solutions were
infused into the CE/ES probe through a 75-mm i.d. 3
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75-cm uncoated FSC. A Harvard Apparatus (South
Natick, MA) Model 55-2222 syringe pump was used to
deliver 4–6 mL/min of methanol to the CE probe where
it is used as a sheath liquid around the outside of the
FSC. The sheath liquid provides sufficient liquid flow to
maintain a stable ES and provides a connection to
ground between the analyte solution and the stainless-
steel tube. A stream of oxygen gas at 100 mL/min flows
between the intermediate and the outer concentric
stainless-steel tubes of the CE/ES probe. This gas assists
in the nebulization of the liquid flow and prevents
corona discharge by capturing stray electrons. The
electrospray HV was 3300 V on the larger outer cylin-
drical electrode, 3000 V on the smaller endplate elec-
trode, and 3300 V on the capillary entrance. A flow of
heated dry nitrogen gas (heater temperature 180 °C)
was maintained counter to the ES flow to promote
solvent vaporization and desolvation of the negative
ions. The spectrometer was repetitively scanned from
50 to 350 m/z at about 0.4 s/scan.
The bench-top reflection time-of-flight (TOF) mass
spectrometer was a PE Biosystems (Framingham, MA)
Mariner model equipped with a PE Biosystems ES ion
source. The ES source design is similar to that described
by Bruins et al. in which a potential of 6 2–3 kV is
applied to a stainless-steel spray needle [9]. The tip of
the spray needle is located a few millimeters from an
orifice leading to the mass spectrometer and is posi-
tioned for optimum ion detection and spray stability.
The ES needle was assembled in this laboratory from
commercially available parts and consists of three con-
centric tubes. The innermost tube is a 40-mm i.d. 3
105-mm o.d. FSC, which contains the sample flow. The
FSC is surrounded by a 0.005-in. i.d. 3 0.020-in. o.d.
stainless-steel tube from Upchurch Scientific (Oak Har-
bor, WA) and this intermediate tube is surrounded by a
0.030-in. i.d. 3 0.0625-in. o.d. stainless-steel tube from
Upchurch. The FSC extended through the intermediate
stainless-steel tube and projected about 1 mm beyond
the tip of the needle. The functions of these tubes are the
same as described for the Hewlett-Packard ion source.
Ions are injected orthogonal to the flight tube and push
and pull electrodes accelerate the ions in rapid pulses
into the flight tube. The field-free flight tube is 0.6 m
followed by a second-order electrostatic mirror and a
return path to a microchannel ion detector giving an
effective path length of 1.3 m for the TOF analyzer.
Resolving powers of 3500–4000 based on the full-peak
width at half-peak height definition were routinely
used and resolving powers up to about 5000 were
occasionally obtained and used.
With the TOF system analyte solutions are intro-
duced into the FSC at 0.5–1 mL/min with the Harvard
Apparatus syringe pump. The instrument’s internal
syringe pump was used to deliver 2–3 mL/min of
methanol or acetonitrile as a sheath liquid between the
FSC and the inner stainless-steel tube. The sheath liquid
provides sufficient liquid flow to maintain a stable ES
and provides an electrical connection between the high
voltage on the metal tube and the analyte solution. A
stream of ultrahigh purity oxygen gas at 300–900 mL/
min flowed between the intermediate and outer stain-
less-steel concentric tubes. This gas assists in the nebu-
lization of the liquid flow and prevents corona
discharge by capturing stray electrons. The electrospray
HV of 2 2600 V was applied to the stainless needle and
a flow of dry nitrogen gas was maintained counter to
the ES flow to promote solvent vaporization and des-
olvation of the negative ions. The analyzer m/z range
was set at 10–9000 and spectra were accumulated over
a period of 10 s. Ten 10-s accumulations were then mass
calibrated and the results from the ten spectra averaged
to give the data reported in this article.
Analyte Solutions
Analyte solutions were prepared in volumetric flasks
by dissolving an accurately weighed amount of the acid
or internal standard in de-ionized water. Multianalyte
solutions were prepared by mixing aliquots of individ-
ual solutions and diluting with de-ionized water. Before
analysis a 50- or 100-mL portion of a multianalyte
solution was adjusted to pH 10 by addition of 25–50 mL
of ammonium hydroxide. A 1 mL aliquot of the mixed
analyte solution at pH 10 was then mixed with 1 mL of
either methanol or acetonitrile.
Results and Discussion
The flow injection negative ion ES mass spectra of five
haloacetic acids were measured with the quadrupole
mass spectrometer system and each acid at 50 mg/mL
(50 ppm) in 50% (v/v) methanol–water at pH 10. An
operational variable of this ES interface is the voltage
applied to the exit of the dielectric capillary (Cap ex)
which transports ions from the spray chamber to the
mass spectrometer. The pressure in the region between
the capillary exit and a skimmer is about 1 torr and ions
that emerge from the capillary may undergo collisions
that cause desolvation, declustering, and some frag-
mentation of the anions. The negative ion ES spectra of
the five acetic acids were measured at Cap ex voltages
of 2 40, 2 60, 2 80 and 2 100 V. The ions and their
relative abundances in the spectra of the five acids are
shown in Table 1 as a function of Cap ex voltage. Where
groups of ions caused by naturally occurring isotopes
are observed, only the most abundant ion of the group
is shown in the table.
The flow injection negative ion ES mass spectra of
the same five haloacetic acids, and tribromoacetic acid
(TBAA), were measured at the same concentration, 50
ppm of each acid, in the same solvent, and at the same
pH with the TOF mass spectrometer system. This
instrument system was capable of detecting the ana-
lytes at lower concentrations than the quadrupole in-
strument system and, in order to utilize the same
concentrations and obtain comparable data, an adjust-
ment was made to avoid saturation of the instrument
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electronics. The distance between the tip of the spray
needle and the ion entrance orifice was increased by a
few millimeters to reduce the signal intensities and
prevent saturation. Three operational variables in the
TOF instrument system ES interface are: the voltages
applied to the nozzle (N), the first skimmer (S), and the
quadrupole assembly (Q). The pressure in the region
between the nozzle and the first skimmer is not avail-
able but is reported by the manufacturer of the instru-
ment to be below atmospheric pressure. Ions that
emerge from the nozzle are accelerated toward the
skimmer by the potential difference VS 2 VN and may
undergo CID in this region. A second region where CID
may occur is between the first skimmer and the quad-
rupole assembly. The measured pressure in this region
is 1.5 3 1022 torr and the potential difference is desig-
nated VQ 2 VS.
The negative ion ES spectra of the six acetic acids
were measured at a series of VS 2 VN and VQ 2 VS
values and the ions observed and their relative and
absolute abundances (ion counts/second (cts/s)) are
shown in Table 2. Again, where groups of ions caused
by naturally occurring isotopes are observed, only the
most abundant ion of the group is shown in the table.
The column on the far right of Table 2 also shows for
each compound and voltage setting the quantity Nmono,
which is twice the absolute abundance of the proton
bound dimer ion plus the sum of the absolute abun-
dances of all other ions. This is a measure in terms of
monomer ions of the total ion abundance in each
spectrum. Figure 1 shows the changes in absolute
abundances of the ions from the six acids as a function
of VS 2 VN. Plots of ion abundances as a function of
VQ 2 VS, which are not shown, are very similar.
The haloacetic acids gave three types of negative ions
with the two instrument systems: (M–H)2 ions, (2M–
H)2 proton bound dimer ions, and (M–CO2–H)
2 ions.
The pKa in water of each acid is shown near the
abbreviation of the acid in Figure 1 [10]. Since all pKa
are ,, than the solution pH, complete dissociation of
the acids in 50% methanol–water solution is expected.
However, ammonia and methanol are most likely evap-
orated rapidly in the aerosol spray and the pH within
the aerosol droplets is probably lower than in the bulk
sample solution, but still high enough to ensure a
significant degree of ionization of the acids. Therefore
the relative abundances of the (M–H)2 ions could be
expected to show some relationship to the pKa values of
the acids.
All the acids measured with the quadrupole system
gave relatively abundant (M–H)2 ions in the range of
28–100% depending on the Cap ex voltage (Table 1).
With the TOF instrument system, (M–H)2 ions are most
abundant in the spectra of DCAA, MBAA, and DBAA
at relatively low values of VS 2 VN and VQ 2 VS
(Figure 1 and Table 2), but this ion is not observed with
MCAA and TBAA. The acid DCAA is stronger than
MCAA and the DCAA spectrum is dominated by very
abundant (M–H)2 ions at the lower VS 2 VN and VQ 2
VS values (Figure 1 and Table 2).
The only ion observed with MCAA in the TOF
system is the low absolute abundance proton bound
dimer (2M–H)2 formed by association of an (M–H)2
ion with a MCAA molecule (first reaction in Scheme 2).
This proton bound dimer is also the base peak in the
spectrum of MCAA measured on the quadrupole sys-
tem but only at the lowest Cap ex voltage (Table 1).
Chloroacetic acid is the weakest of the chlorinated
acetic acids with a pKa of 2.85 in water [10] and the
single chlorine atom may not have sufficient electron
withdrawing power to cause complete dissociation of
the proton bound dimer in the ammonia depleted
droplets. Increasing the Cap ex voltage with the quad-
rupole system decreases the (2M–H)2 ion relative abun-
dance and the (M–H)2 ion becomes the base peak
(Table 1). By contrast, when VS 2 VN and VQ 2 VS are
increased in the TOF system, the proton bound dimer
decreases in absolute abundance without the appear-
ance of other ions (Figure 1 and Table 2). Ions from
MCAA were no longer observable when VS 2 VN was
. 45 V. At the higher VS 2 VN and VQ 2 VS values,
the MCAA (2M–H)2 ions are dissociated but the (M–
H)2 ions are neutralized by combining with a proton
from the solvent system. The behavior of MCAA in 50%
methanol–water is anomalous as MBAA, which has a
similar pKa of 2.9 in water [10], behaves as expected,
and gives mainly (M–H)2 ions with both systems
(Figure 1 and Tables 1 and 2).
Proton bound dimers are generally observed at mod-
erate to higher relative abundances in spectra measured
with the quadrupole system at the lower Cap ex volt-
Table 1. Relative abundances of negative ions in the ES mass
spectra of haloacetic acids measured with the quadrupole
instrument system as a function of Cap ex voltages
Analyte
VCap ex
(V)
(M–H)2
(%)
(2M–H)2
(%)
(M–CO2–H)
2
(%)
MCAA 2 40 61 100 0
2 60 100 46 0
2 80 100 10 0
2 100 a a a
DCAA 2 40 100 48 0
2 60 100 27 8
2 80 100 0 0
2 100 50 0 100
TCAA 2 40 45 94 100
2 60 45 84 100
2 80 76 39 100
2 100 28 0 100
MBAA 2 40 100 35 0
2 60 100 18 0
2 80 100 0 0
2 100 a a a
DBAA 2 40 100 26 0
2 60 100 22 20
2 80 89 4 100
2 100 33 0 100
aNot measured.
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ages (Table 1). Except for MCAA these ions are much
less abundant, usually , 5% relative abundance, in
spectra measured with the TOF system (Figure 1 and
Table 2). The differences in the abundances of these ions
in the two instrument systems, under otherwise identi-
cal solution conditions, are probably related to differ-
ences in the designs of the two interfaces, including the
diameters of the openings at the spray tips, and the
Table 2. Relative and (absolute) abundances of negative ions in the ES mass spectra of haloacetic acids measured with the TOF
instrument system at various nozzle (VN), skimmer (VS), and quadrupole (VQ) voltages
Analyte
VS 2 VN
(V)
VQ 2 VS
(V) (M–H)2 (2M–H)2 (M–CO2–H)
2 Nmono
MCAA 31 1.0 0 100 (38) 0 76
46 1.0 0 100 (15) 0 30
31 1.0 0 100 (38) 0 76
31 3.5 0 100 (15) 0 30
DCAA 31 1.0 100 (217) 4 (9) 0 235
46 1.0 100 (219) 2 (5) 0 229
61 1.0 100 (249) 2 (4) 0 257
76 1.0 100 (56) 3 (2) 0 60
91 1.0 100 (5) 13 (1) 0 7
31 1.0 100 (312) 5 (15) 0 342
31 3.5 100 (280) 3 (9) 0 298
31 6.0 100 (169) 1 (2) 0 173
31 8.5 100 (98) 1 (1) 0 100
31 11.0 100 (51) 2 (1) 0 53
TCAA 31 1.0 23 (52) 6 (13) 100 (223) 301
46 1.0 12 (26) 4 (9) 100 (226) 270
61 1.0 4 (5) 1 (1) 100 (126) 133
76 1.0 0 0 100 (52) 52
91 1.0 0 0 100 (11) 11
31 1.0 23 (58) 6 (15) 100 (250) 338
31 3.5 16 (38) 4 (10) 100 (235) 293
31 6.0 17 (25) 3 (4) 100 (152) 185
31 8.5 18 (20) 1 (1) 100 (110) 132
31 11.0 26 (11) 0 100 (42) 53
MBAA 31 1.0 100 (294) 9 (26) 0 346
46 1.0 100 (327) 4 (13) 0 353
61 1.0 100 (150) 0 0 150
76 1.0 100 (25) 0 0 25
31 1.0 100 (281) 9 (25) 0 331
31 3.5 100 (241) 6 (14) 0 269
31 6.0 100 (170) 3 (4) 0 178
31 8.5 100 (109) 1 (1) 0 110
31 11.0 100 (69) 0 0 69
DBAA 31 1.0 100 (422) 3 (12) 1 (3) 449
46 1.0 100 (407) 2 (8) 20 (81) 504
61 1.0 70 (225) 0 100 (321) 546
76 1.0 12 (53) 0 100 (431) 484
91 1.0 2 (4) 0 100 (283) 287
106 1.0 0 0 100 (117) 117
DBAA 31 1.0 100 (416) 2 (10) 1 (3) 439
31 3.5 100 (428) 2 (9) 15 (65) 511
31 6.0 100 (334) 1 (3) 47 (158) 498
31 8.5 86 (228) 0 100 (264) 492
31 11.0 40 (148) 0 100 (369) 517
31 13.5 22 (88) 0 100 (405) 493
31 16.0 13 (48) 0 100 (382) 430
TBAA 31 1.0 0 0 100 (103) 103
46 1.0 0 0 100 (125) 125
61 1.0 0 0 100 (78) 78
76 1.0 0 0 100 (32) 32
31 1.0 0 0 100 (110) 110
31 3.5 0 0 100 (114) 114
31 6.0 0 0 100 (114) 114
31 8.5 0 0 100 (101) 101
31 11.0 0 0 100 (71) 71
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resulting size distributions of the aerosol particles.
Another factor may be the nonoptimal positioning of
the spray tip in the TOF system to prevent saturation of
the instrument electronics. The design used with the
TOF instrument system appears to be more efficient in
decomposing proton bound dimers by CID.
The acid TCAA, which is stronger than DCAA, is
expected to give abundant (M–H)2 ions but the trend is
Figure 1. The absolute abundances of the negative ions in the ES mass spectra of six halocetic acids
in 50% (v/v) methanol–water at pH 10 measured with the TOF instrument system as a function of the
difference between the nozzle and first skimmer potential (VS 2 VN).
Scheme 2
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interrupted by the decarboxylation reaction, shown in
the second reaction in Scheme 2, to give (M–CO2–H)
2
ions (Tables 1 and 2 and Figure 1). Unlike the other
acids, the decarboxylation of TCAA is particularly
sensitive to the flow rates of the oxygen sheath gas and
nitrogen drying gas. These flow rates were set to the
values given in the Experimental section and used for
all experiments with all the acids.
The compound MBAA, which has about the same
pKa as MCAA, gives similar absolute abundances of
proton bound dimers with the TOF system (Table 2 and
Figure 1). Unlike MCAA, however, it gives very abun-
dant (M–H)2 ions at the lower VS 2 VN and VQ 2 VS
values (Table 2 and Figure 1). The stronger acid DBAA
gives slightly more abundant (M–H)2 ions than the
weaker MBAA as expected at the lower VS 2 VN and
VQ 2 VS values, but at higher values the decarboxyl-
ation reaction reduces the abundance of the (M–H)2
ions. The decrease in abundance of the DBAA (M–H)2
ions parallels the increase in abundance of the DBAA
(M–CO2–H)
2 ions (Figure 1) while the total ionization is
about the same as indicated by the values of Nmono in
Table 2. Decarboxylation of DBAA and not DCAA is
likely promoted by the larger bromine atom substitu-
ents compared to the smaller chlorine atoms. With the
strongest acid, TBAA, decarboxylation of the (M–H)2
ion is the dominant process even at low VS 2 VN and
VQ 2 VS values (Table 2 and Figure 1). This transfor-
mation is the last reaction in Scheme 2 and is likely
strongly favored by the relief of steric strain in the
transition state from the tetrahedral sp3 (M–H)2 ion to
the planar sp2 tribromocarbanion.
The Effect of a Lower Concentration of Analytes
and an Acetonitrile–Water Matrix
The TOF system is capable of detecting the haloacetic
acid negative ions at concentrations lower than the
quadrupole system, and the ES from acetonitrile–water
mixtures is generally more stable than the ES from
methanol–water mixtures. Acetonitrile has a lower vis-
cosity and a lower surface tension than methanol,
which may account for this improved performance. A
solution of the six acids was prepared with each acid at
100 ng/mL (100 ppb) in 50% acetonitrile–water at pH
10. This concentration, which is a factor or 500 less than
the concentration used in the methanol–water solutions,
was selected because it produced reasonably strong ion
abundance counts, but there was no detector saturation
when the spray needle position and other interface
adjustments were optimized for maximum ion abun-
dances. Regardless of solvent, the optimum values of
VS 2 VN and VQ 2 VS for the TOF system are 31 and 1
V, respectively (Figure 1 and Table 2). Figure 2 shows
the spectrum of the mixture of the six acids at 100 ppb
in 50% acetonitrile–water at pH 10.
Ions from TBAA were not detected at 100 ppb in
acetonitrile–water, but ions from the five regulated
haloacetic acids were readily observed (Figure 2). The
failure to detect TBAA is of little current importance
because it is not regulated and it is relatively unstable in
water at ambient temperatures [11]. Significantly, the
propensity of some (M–H)2 ions to form proton bound
dimers or decarboxylate, which was observed at 50
ppm in methanol–water (Table 2 and Scheme 2) was
Figure 2. The spectrum of a mixture of the six acids in Table 2 at 100 ppb in 50% acetonitrile–water
at pH 10. The ions from the five measurable acids are listed in Table 4 and some of the background
ions are HSO3
2 (1) at m/z 81, HSO4
2 (2) at m/z 97, and F3C–COO
2 (3) at m/z 113.
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repressed, and mainly (M–H)2 ions were observed at
100 ppb in acetonitrile–water. For example, MCAA
produced only (M–H)2 ions (Figure 2), but the ratio of
the abundances of m/z 93 and 95, which should be about
3:1, is distorted by an interference at m/z 95, which may
be methanesulfonate H3C–SO3
2 (94.980 83 or 93 ppm
from the MCAA anion). This ion could be an impurity
in reagent water de-ionized with a sulfonated ion
exchange resin or an atmospheric contaminant ab-
sorbed by the basic solution. Therefore only m/z 93 was
used for the measurements of MCAA. A partially
resolved interference is also observed at the m/z 139 ion
of MBAA and these interferences are discussed in a
subsequent section. The compound TCAA, which gave
base peak (M–CO2–H)
2 ions in methanol–water at 50
ppm (Figure 1 and Tables 1 and 2), produced base peak
(M–H)2 ions at 100 ppb in acetonitrile–water (Figure 2).
The reasons for the greater stability of the (M–H)2 ions
at the much lower concentration in acetonitrile–water
are not obvious, but it is reasonable to expect dimin-
ished proton bound dimers at the lower concentration.
Several other background ions from the de-ionized
water or other sources are observed and some of these
are identified in the caption of Figure 2. One of these
ions is from trifluoroacetic acid which is used as an
exact m/z calibration compound. The trifluoroacetate
ion at m/z 113 either is not efficiently removed from the
system or is measured with extraordinary sensitivity
because it was not present in the mixture analyzed to
produce Figure 2.
The detection limits of the five regulated acids in
drinking water, without a preconcentration step, are
estimated to be in the range of 24–86 ppb with DCAA
having the lowest detection limit and DBAA the high-
est. The acids MCAA, TCAA, and MBAA have inter-
mediate detection limits. These conservative estimates
are extrapolations from the observed signal/chemical
noise in Figure 2 to a generally accepted signal/chem-
ical noise of the three at the instrument detection limit.
The signal/chemical noise of DCAA, measured using
the abundance of the m/z 127 ion, is about 25 and the
corresponding ratio for DBAA, using m/z 217, is about
7. The generic background chemical noise, which ne-
glects the more abundant specific background ions
identified previously, was taken as a maximum of 4%
relative abundance for these calculations. Electronic
noise is very low and is not a significant factor as the
concentrations of the acids are decreased. Assuming the
generic background chemical noise remains about the
same, or increases to no more than 4% as the concen-
trations of the individual acids are decreased, the de-
tection limits for DCAA and DBAA in the 50% acetoni-
trile–water solution are about 12 and 43 ppb,
respectively. These limits are then doubled to account
for the dilution factor when 1 mL of water sample is
mixed with 1 mL of acetonitrile. The equipment and
techniques used in this research are not capable of
measuring, without some preconcentration of the sam-
ple, several of the regulated haloacetic acids at concen-
trations found in drinking water. It is reasonable to
assume that improved interface and spectrometer de-
signs will soon provide more appropriate detection
limits. One probable near term improvement to the TOF
system is the ability to use a shorter m/z range, which
provides greater sensitivity, and simultaneously obtain
accurate m/z measurements. This issue is discussed in a
subsequent section.
Evaluation of Exact Mass Measurements With a
Time of Flight Mass Spectrometer
The TOF system is capable of exact m/z measurements
which could provide strong supporting evidence for an
identification when no retention time data from an
on-line separation is available and only (M–H)2 ions are
observed in an ES mass spectrum. While on-line sepa-
rations are almost universally used in chemical analy-
ses, there are some significant advantages to bypassing
an on-line separation including the reduced time re-
quired for an analysis and the potential for rapid real
time measurements needed in process control and other
applications. The capability of the TOF system for exact
m/z measurements was evaluated with the mixture of
the six haloacetic acids at 100 ppb in 50% (v/v) aceto-
nitrile–water at pH 10. The (M–H)2 ions of the five
regulated acids, which are observable at this concentra-
tion, were used for all the exact m/z measurements and
ions containing several combinations of bromine and
chlorine isotopes were measured for DCAA, TCAA,
and DBAA. The mass spectrometer resolving power
was monitored for all exact m/z measurements by
measuring the full peak width of each ion at half peak
height. The resolving power was generally in the 3500–
4000 range but occasionally reached about 5000. This
resolving power ensures that some potential interfer-
ences with the same nominal m/z are not measured as
haloacetic acids (see later section titled Potentially Inter-
fering Anions).
Several techniques were evaluated for the calibration
of the m/z scale for exact m/z measurements. The solu-
tion of the six analytes was fortified with 50 ng/mL (50
ppb) of each of four internal standard (IS) calibration
compounds whose names and structures are shown in
Scheme 3. Also shown in Scheme 3 are the exact m/z of
the IS ions used to calibrate the m/z scale. These
compounds were selected from among approximately
20 carboxylic acids and acidic phenols that were eval-
uated. Evaluation criteria included chemical purities as
purchased, propensities to form negative ions in solu-
tion, solubilities in the solvent mixture, the m/z of their
negative ions, the range of m/z required, potential
interactions with the analytes and other IS ions, and the
absolute abundances of the negative ions produced
during electrospray with the TOF system. The four
compounds selected provide a range of m/z that in-
cludes most of the m/z values of the regulated haloacetic
816 DEBRE´ ET AL. J Am Soc Mass Spectrom 2000, 11, 809–821
acids. The concentrations of the IS were selected to give
ions with abundances similar to the acid analytes.
An alternative to the calibration compounds in
Scheme 3 are a series of bicarbonate ions (m/z 61)
associated with n water molecules where n 5 1–30 or
more, that is m/z 79, 97, 115, 133, etc., which are
observed when the sheath and drying gases are tempo-
rarily removed after acquisition of the analyte anion
spectra (Figure 3). These hydrated bicarbonate ions are
produced by the equilibrium of carbon dioxide with
hydroxide ion in solution and provide a series of
convenient reference ions for calibration of the m/z
scale. Trace quantities of carbon dioxide are present in
the de-ionized water and carbon dioxide may also be
absorbed into the basic analyte solutions from the
atmosphere during normal handling. This identification
was verified by analyzing a solution of ammonium
bicarbonate using normal flows of nebulizing and dry-
ing gases and the same spectrum as displayed in Figure
3 was observed. The hydrated bicarbonate ions have theScheme 3
Figure 3. The negative ion ES mass spectrum of hydrated bicarbonate ions in 50% (v/v) acetonitrile–
water measured with the TOF instrument system without an oxygen sheath gas or a nitrogen drying
gas. The prominent ions in this spectrum are listed in Table 3.
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advantage of providing a reference ion every 18 Da but
the disadvantage that they are measured about 10 s
before or after the analyte measurements under slightly
different experimental conditions [12]. Regardless of the
calibration standards used, the exact masses of the
reference ions and test analytes were calculated by
summing the exact masses of the nuclides in the com-
pounds and subtracting the mass of a proton rather
than a hydrogen atom. The mass of the electron is
significant in some of the lower m/z ions and can
contribute up to 4 ppm in mass to some ions.
The IS and hydrated bicarbonate ions were em-
ployed in two ways to determine the exact masses of the
analyte anions. In one approach the exact m/z scale is
calibrated with a four-point linear regression on the
calculated IS exact masses (Scheme 3) or the calculated
exact masses of typically 18 of the hydrated bicarbonate
ions (Table 3). Alternatively, the exact masses of the
analyte anions were determined by a linear interpola-
tion using the exact masses of the two IS ions or two
hydrated bicarbonate ions that bracket the m/z of the
analyte anion. However MCAA could not be measured
with the IS two-point linear interpolation because no IS
ion is available at , m/z 93.
During the evaluation of the exact m/z measuring
capabilities of the TOF system, it was discovered that
the mass range selected for data acquisition had a
significant impact on the accuracy of some m/z mea-
surements. When the mass range with the lowest max-
imum m/z available with the instrument was selected,
that is 10–4000 m/z, very good sensitivity was observed
but unacceptable m/z measurement errors in the range
of 25–100 ppm were obtained for ions at the low end of
the spectrum [12]. These errors are not random but
follow a trend with m/z that suggested they were
related to some physical process. When a mass range
with a higher maximum m/z was selected, for example
10–9000 m/z, acceptable m/z measurement accuracy and
precision were obtained but sensitivity was not as good.
The mass range selected controls the idle time between
pulses of ions from the ion source into the flight tube
and to the detector. The duration of the idle time
increases with a longer mass range to allow observation
of heavier ions that have longer flight times. A rela-
tively short m/z range causes the highest pulsing rate,
the best sensitivity, and the greatest m/z measurement
errors. A longer mass range causes a lower pulsing rate,
lower sensitivity, and generally acceptable m/z mea-
surements. The m/z measurement errors are attributed
to a capacitive coupling between the pulsing electrodes
and the accelerating stack which impacts most severely
ions of low m/z [13]. For all subsequent measurements
and all data reported in this article the mass range
employed was 10–9000 m/z.
Table 4 shows the means of ten 10-s measurements of
the m/z of one or more ions from the five regulated
haloacetic acids using each of the four m/z scale calibra-
tion techniques. Two or three of the isotopic (M–H)2
ions were measured for DCAA, TCAA, and DBAA but
only one MCAA and MBAA ion was measured because
of the partly resolved or unresolved but detectable
interferences at m/z 95 and 139, respectively. The ten
measurements of each ion were made with the same
solution of analytes on five consecutive days with one
measurement made near the beginning of each day and
another near the end of each day. The range below each
mean measured m/z is the 99% confidence interval from
the Student distribution for n 2 1 or nine degrees of
freedom. Over a large number of samples this interval
will contain the unknown population mean 99% of the
time. The mean errors in Table 4 are the means of the
differences between the calculated anion m/z, which is
shown in the first column on the far left, and each
measured m/z. Again the range below each mean error
is the 99% confidence interval.
With the exception of the two measurements of
MCAA using the hydrated bicarbonate ions as calibra-
tion standards, all of the mean errors are less than 6 9
ppm and the majority are less than 6 5 ppm. The grand
mean measurement error for each calibration technique
was also calculated and is shown in Table 4 along with
the grand 99% confidence interval. An analysis of
variance was conducted to determine whether there are
statistically significant differences in the calibration
techniques. Again with the exception of the two mea-
surements of MCAA using the hydrated bicarbonate
Table 3. Calculated exact masses of the hydrated bicarbonate
ions used for m/z calibration
n(H2O) m/z
1 79.003 68
2 97.014 25
3 115.024 81
4 133.035 38
5 151.045 94
6 169.056 51
7 187.067 07
8 205.077 64
9 223.088 20
10 241.098 76
11 259.109 33
12 277.119 89
13 295.130 46
14 313.141 02
15 331.151 59
16 349.162 15
17 367.172 72
18 385.183 28
19 403.193 85
20 421.204 41
21 439.214 98
22 457.225 54
23 475.236 11
24 493.246 67
25 511.257 23
26 529.267 80
27 547.278 36
28 565.288 93
29 583.299 49
30 601.310 06
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ions as calibration standards, there are no statistical
differences in the four calibration techniques.
Potentially Interfering Anions
The resolving power used in the exact m/z measure-
ments may separate some potential interferences, but
ions with small m/z differences from the haloacetic acids
could provide erroneous results. Interferences may be
detected by larger than expected m/z measurement
errors, a distorted peak shape, an unusually broad
peak, or incorrect ratios of abundances of analyte ions
caused by the Br and Cl isotopes. If the error in the
measurement of the exact m/z of an acid anion in a
sample is within the expected error range, that is 6 9
ppm, the peak shape shows no shoulders or splitting,
the resolving power is in the normal range, and the
ratios of the abundances of the ions caused by Br and Cl
isotopes are in reasonable agreement with expected
values, there is solid evidence for the presence of the
analyte and no interferences are indicated.
If, however, the m/z measurement error is . than 6 9
ppm or one of the other indications of an interference is
present, then an unresolved anion is probably present.
In order to estimate the potential for interfering anions,
a graphical mathematical model was developed to
determine the maximum difference that must be con-
sidered between the m/z of an analyte ion and the m/z of
potential interferences. In this model it is assumed that
peak shapes are Gaussian and that measurement errors
of 6 15 ppm or greater, which are close to the largest
mean error in Table 4, would be an immediate cause for
suspicion that an interfering ion was present. With an
error of this magnitude or larger, the identification of
the analyte is uncertain and the peak area should not be
trusted to represent only the analyte ion. This model
indicated that errors smaller than 15 ppm could be
caused by interfering ions with m/z within 6 200 ppm
of the calculated analyte m/z if the interference was
present in amounts ranging from 10 to 100% of the
amount of the analyte ion. Furthermore interfering ions
with these characteristics may not affect peak shape,
resolution, or isotope ion ratios enough to be recog-
nized. Therefore compositions with calculated m/z
within 6 200 ppm of the calculated analyte m/z are
potential interferences if they could reasonably be ex-
pected to form negative ions in aqueous acetonitrile
under ES conditions.
A search for potentially interfering negative ions was
conducted by calculating combinations of C, H, O, N, F,
Cl, Br, I, S, P, and Si that have an exact m/z within 6 200
ppm of the calculated exact m/z of the ions in Table 4.
The combinations were determined and their m/z cal-
culated, evaluated, sorted, and printed using a com-
puter program written for this research in the C lan-
guage. The number of combinations found by the
program was constrained by limiting the number of
atoms of each kind to a reasonable number for each m/z.
Only the major isotopes of C, H, O, N, S, and Si were
used in the calculation and only compositions contain-
ing at least one oxygen or one sulfur atom to carry the
negative charge were considered. Since all the even-
Table 4. Mean measured exact m/z of haloacetic acid anions with 99% confidence limits using four exact m/z calibration techniques
and mean errors with 99% confidence limits
Analyte
calculated
Mean measured m/z (n 5 10) Mean error (ppm)
Calibration
compounds
Hydrated
bicarbonate ions
Calibration
compounds
Hydrated
bicarbonate ions
4 point 2 point 18 point 2 point 4 point 2 point 18 point 2 point
MCAA 92.974 18 a 92.976 27 92.976 53 2 7.5 a 15 18
92.974 88 6 0.000 60 6 0.000 53 6 0.000 36 6 6.4 6 5.6 6 3.9
DCAA 126.935 47 126.936 27 126.936 46 126.935 77 2 3.5 2.9 4.3 2 1.1
126.935 91 6 0.000 37 6 0.000 38 6 0.000 85 6 0.000 87 6 2.9 6 3.0 6 6.7 6 6.9
DCAA 128.932 86 128.933 61 128.933 78 128.933 17 2 0.72 5.1 6.4 1.6
128.932 96 6 0.000 56 6 0.000 51 6 0.000 92 6 0.001 02 6 4.3 6 4.0 6 7.1 6 7.9
MBAA 136.923 88 136.924 38 136.924 51 136.924 53 2 3.5 0.11 1.0 1.2
136.924 36 6 0.000 95 6 0.001 02 6 0.001 01 6 0.000 99 6 6.9 6 7.5 6 7.4 6 7.2
TCAA 160.898 09 160.897 64 160.897 78 160.897 68 7.2 4.4 5.3 4.6
160.896 94 6 0.000 83 6 0.000 75 6 0.001 27 6 0.001 75 6 5.2 6 4.6 6 7.9 6 11
TCAA 162.894 84 162.894 32 162.894 46 162.894 07 5.3 2.1 2.9 0.49
162.893 99 6 0.000 84 6 0.000 82 6 0.001 12 6 0.001 50 6 5.2 6 5.1 6 6.9 6 9.2
DBAA 214.836 07 214.833 65 214.833 44 214.833 47 5.6 2 5.7 2 6.7 2 6.5
214.834 88 6 0.000 81 6 0.000 79 6 0.001 71 6 0.001 54 6 3.8 6 3.7 6 8.0 6 7.2
DBAA 216.834 47 216.832 46 216.831 74 216.831 98 7.6 2 1.7 2 5.0 2 3.9
216.832 83 6 0.000 87 6 0.001 58 6 0.001 80 6 0.001 43 6 4.0 6 7.3 6 8.3 6 6.6
DBAA 218.831 71 218.829 32 218.828 80 218.829 24 4.3 2 6.7 2 9.0 2 7.1
218.830 78 6 0.000 77 6 0.000 78 6 0.001 49 6 0.001 30 6 3.5 6 3.6 6 6.8 6 5.9
Grand 1.6 0.1 1.6 0.8
mean 6 2.3 6 2.1 6 3.3 6 3.4
a Bracketing calibration m/z not available.
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electron (M–H)2 ions in Table 4 have an odd mass and
only even-electron anions with an even number of
nitrogens can have an odd mass, only compositions
containing an even number of nitrogens were consid-
ered. The compositions found by the program were
examined individually for viable chemical entities that
can be reasonably expected to form negative ions in
aqueous acetonitrile under ES conditions.
Scheme 4 contains the structures, calculated m/z, and
differences in ppm of the singly charged anions that
could conceivably interfere with measurements of
MCAA and DCAA at m/z 93 and 127, respectively.
While these compounds are not typical natural prod-
ucts or commercial materials, they are viable structures
that could be present in waste discharges or raw
sources of drinking water. If present in appropriate
amounts, these anions would not be resolved from the
MCAA and DCAA (M–H)2 ions but they would, de-
pending on the relative amounts, distort the abundance
ratios of the MCAA and DCAA isotope ions, distort
peak shapes, and cause variable errors in exact m/z
measurements. Three of the ions in Scheme 4 are allyl or
related alcohols and it is unlikely they would be suffi-
ciently acidic to form appreciable concentrations of
negative ions in solution. Seven of the eight substances
contain one or more Cl atoms and therefore isotope ions
would be present at 6 2 Da, which would distort ratios
of abundances of MCAA and DCAA isotope ions. At
the higher m/z used to measure TCAA, MBAA, and
DBAA more potential interferences exist but similar
uncommon structures are potential interferences and
the same conclusions can be drawn concerning the
recognition of these interferences when present. None
of the substances in Scheme 4 have been found in
drinking water samples but no drinking water samples
have been examined using the techniques described in
this article.
Conclusion
Electrospray with the bench-top TOF mass spectrome-
ter and exact m/z measurements at resolving powers in
the 3500–5000 range has the potential of forming the
basis for an extremely simple analytical method for
determination of the regulated haloacetic acids in
drinking water. The potential method could provide
useable results within a few minutes compared to
existing methods which require considerable sample
processing and GC. The estimated detection limits
without a sample preconcentration step are within
about a factor of 10 of those required for measurement
of the regulated haloacetic acids in drinking water
samples. It is reasonable to expect sufficient improve-
ments in equipment and techniques to achieve the
needed detection limits in the near future. No drinking
water samples were analyzed pending the development
of slightly more sensitive techniques and quantitative
analytical procedures. A thorough study of the preci-
sion and accuracy of the potential method is required
before it should be considered for measurements of the
haloacetic acids in drinking water.
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